Materials

3-(2-Pyridyl)-5-6-diphenyl-1,2,4-triazine, disodium
salt (ferrozine; Aldrich).
Ascorbic acid, iron-free (Merck).
Thiosemicarbazide
(Carlo Erba).
HCI, iron-free (Carlo Erba). Glycine (Merck). Iron wire, 99.9% pure (Carlo Erba).
Titrisol iron (Merck).
Methods
Atomic Absorption Spectroscopy
Equal volumes of serum and of a 200 g/L solution of tnchloroacetic acid containing lOg of ascorbic acid per liter were mixed, and the tubes were covered with Parafilm, kept at 70 #{176}C for 15 mm, and then centrifuged.
The supernates were analyzed for iron with a Perkin-Elmer
Model 403 apparatus, with air-acetylene flame.
'rests of reproducibility within the series and between days and analytical recovery experiments proved the reliability of this method.
Continuous-Flow
Determination Sera were analyzed with a SMAC (Technicon) by the Technicon method prescribed for this instrument, which involves detaching the iron from transferrin, dialyzing, and complexing with ferrozine. Although no indications are given by the firm that any inhibitor of the copper reaction with ferrozine is present in the reagents, added copper did not interfere with iron determination in serum by this procedure.
Proposed Method
Solutions:
In a 100-mL volumetric flask, place 100 mg of thiosemicarbazide, 1 g of ascorbic acid, and 100 mg of ferrozine, and dissolve in and dilute to volume with 0.1 mol/L HC1 (reagent 1).
For the blank, prepare the sante solution, omitting ferrozine (reagent 2). Use these solutions within 2 h, because thiosemicarbazide slowly reacts with ascorbic acid at room temperature to form a yellow thiosemicarbazone.
To prepare the iron stock-standard solution, containing 1 g/L, dissolve 1 g of the iron wire in 12 mL of concentrated HC1 by gentle boiling, quantitatively transfer the solution to a 1-L volumetric flask, and dilute to the mark with water. Alternatively, the Titnisol solution from Merck can be used. mg/L solution is usually used.
Procedures:
Iron. To 2 mL of reagent 1, add 1 mL of serum, cover with Parafilm, and mix by inversion. Let stand for 10 mm. Mix again and after an additional 10 mm measure the absorbance at 562 nm vs a blank prepared by adding 1 mL of serum to 2 mL of reagent 2.
The absorbance is stable for more than 2 h. For the standards, to 2 mL of reagent 1 add 1 mL of the various iron dilutions, mix, and read after 10 mm vs a blank made by adding 1 mL of the glycine solution to reagent 1.
The reaction can also be performed in a single cuvette. To do so, add 1 mL of serum to 2 mL of reagent 2 and take a first reading at 562 nm vs water. Then add 100 sL of a 20 g/L solution of ferrozine, mix well by repeated inversions, and after 10 mm again measure at 562 nm the color formed vs a blank made by mixing 2 mL of reagent 2 and 100 fzL of the ferrozine solution with 1 mL of water. #{176}C.
Rate and intensity of color formation are rapid and strong at low pH values. From pH 1.65 to 4.0 the color develops instantly; complex formation is complete in 15 mm at pH 5 and 6, then the rate declines slowly up to pH 7.3, above which there is an abrupt decrease.
Complexing of ferrozine with copper. Ferrozine also reacts The reaction was performed in 0.1 mol/L glycine buffer at pH 2.0 in the presence of ascorbic acid (10 gIL) and ferrozine (1 gIL). At 562 nm (the absorbance maximum for the iron complex) the absorbance of the copper complex is 9.5% that of Iron on a weight basis Thiourea or thlosemicarbazid.,g,L we observed for copper an absorbance corresponding to 9.5% of that of iron, on a weight base, at this wavelength. To avoid this interference, it has been suggested that one use bathocuproine and take readings at two wavelengths (4) .
Thiourea was tried with a good success, reducing color formation by copper to one-tenth (3). In our experiments, besides urea, we also tested thiosemicarbazide, with better results (Figure 3 ). This compound, even in low concentrations, completely prevents color formation of copper with ferrozine, probably by forming a stable uncolored complex, without affecting its reaction with iron. The affinity of thiosemicarbazide for copper is maximum at the low pH range we used in our reaction (Figure 4) . Elimination of copper interference by addition of thiosemicarbazide to the reaction mixture was tested on a series of sera containing various concentrations of iron. In the absence of thiosemicarbazide, interference by copper was Under the conditions used, absorbances of serum blank vs water at 562 nm gave a mean value of 0.037 ± 0.014 (n = 135, range 0.020-0.095), mainly owing to the original color or turbidity of the serum. This blank absorption appeared to be stable for as long as 36 h. A series of 30 sera, especially chosen from among those with an altered protein picture as disclosed by electrophoresis (cirrhotic, nephrotic, and myelomatous sera), showed the same behavior. Blank readings were somewhat high with icteric sera because of the color contribution of bilirubin, but they were equally stable in time. The same was true for lipemic sera.
When plasma was used instead of serum, turbidity formed, sometimes even a precipitate, but this dissolved rapidly on shaking. Absorbances were somewhat higher than with serum (mean: 0.110; range 0.025-0.335), but they were stable at least up to 1 h. In a few samples with high initial absorbance, a little decrease was noticed after 3 h owing to enlargement of the suspended particles, but shaking also restored the initial absorbance in these cases.
Influence of HCI concentration.
We tested the effect of various HC1 concentrations on color development by adding two volumes of HC1 per volume of serum as described under Methods. With concentrations of 0.3 and 0.2 mol/L, and a final pH of 1.1 and 1.3, the color was pale and developed slowly;
with 0.1 mol/L (pH 1.7-1.9) the color developed rapidly, reaching a maximum within 5 mm, and then remained stable.
Practically the same results were obtained with 0.75 and 0.5 Table 2 .
Addition experiments.
Progressive increases in concentration from 0.25 to 2.00 mg/L were obtained by adding standard iron solutions to two pools of serum. As shown in Figure 5 , the two addition curves have the same slope as the standard curve and intercept on the ordinate at the points of zero addition.
The original iron concentration of sera can therefore be determined by extrapolating to the abscissa.
Beer's law is followed up to 5.00 mg/L, and this is also true if common grating or interference filter photometers are used.
Comparison with Other Methods
We compared the present method both with methods in- volving deproteinization and with other direct methods. Atomic absorption spectroscopy was chosen for comparison according to the procedure outlined above, because it is undoubtedlyfree from interference by copper. According to Blair and Diehl (5), bathophenanthroline gives a 3% interference, on a weight base, with this cation.
We assessed the iron concentration of the serum pools to be used as standards by determining their absorption after adding iron solutions of increasing concentrations and extrapolating to the abscissa, as described above for the colonmetric method.
Parallel experiments by atomic absorption spectroscopy and by colorimetry gave superimposable results. Iron was determined in 100 sera that included a wide range of concentrations by the SMAC, by atomic absorption spectroscopy, and by the present method.
A good correlation was found between results by our method and those by atomic absorption spectroscopy for the entire range of concentrations ( Figure  6 ). Also, the correlation with SMAC appeared to be good (n = 100; r = 0.9962; a = +12.1887; b = 0.8927); however, at concentrations below 0.60 mg/L the SMAC values were usually and randomly lower, while values for concentrations exceeding 1.60 mg/L tended to be higher than by the other two methods. The intermediate values were coincident for all the three methods.
In the low and high range, values by atomic absorption spectroscopy and the direct method agreed better with the clihical picture than did those by the SMAC.
In 26 additional samples we compared the present method both with SMAC and atomic absorption spectroscopy and with two commercial direct procedures (DR 1 and DR 2), both based on the method of Lauber (6), but probably differing in the tensioactive agent, which is Teepol in the kit DR 1 and an unspecified tensioactive in kit DR 2. The results are shown in Table 3 . With kit DR 1 intense turbidity is frequently observed that in some cases increases steadily, giving erroneously high values. With kit DR 2, the solutions usually remain clear, but in occasional samples a rapidly increasing turbidity forms that prevents any possibility of reading (sample 1); even slight hemolysis (sample 3) interferes sharply to give unreliable results; furthermore, the values found are usually lower than those by the other methods, possibly owing to incomplete release of iron from transferrin at the pH used (pH 5.6).
Interference from Bilirubin, Hemoglobin, and Lipemia
Intense bilirubinemia and lipemia gave high blank readings, 
Discussion
Because the colored complex of ferrozine with iron forms completely at a pH as low as 1.65, the assay,can be done at a pH range where, in the presence of a reducing agent, iron is rapidly and completely released from transferrin. The optimum pH is reached simply by exploiting the buffering action of the serum proteins on dilute HC1, with formation of soluble proteinates.
This pH is far from the isoelectric points of the serum proteins, and the solutions therefore remain clear, eveil without added surfactants.
At this pH, thiosemicarbazide redcts specifically and completely with copper to form a stable uncolored complex, without affecting the reaction, of ferrozine with iron. Interference by copper, which could produce very important positive errors at low and normal iron concentrations, is thus eliminated.
In comparison with comnionly used direct methods, blank values are usually low, depending on the original color or turbidity of the serum under test, and are always stable in time. Hemoglobin interferes little, even at rather high concentrations.
Avoding the use of surfactants and of concentrated buffers makes it easier to avoid contamination with iron from reagents. 
CCI
The accuracy of the method is good, as might be expected after elimination of interferences from copper and from variable turbidity.
The simplification of the procedure not only accelerates the determination but also favors good reproducibility. The possibility of doing a differential reading in a single cuvette may decrease both the amount of serum and the number of manipulations required.
The method, with minor modifications, is easily amenable to automation (F. Ceriotti, P. Bonvicini, and G. Ceriotti, in preparation).
